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Abstract
Augmented Reality (AR) applications often require knowledge of the user’s position
in some global coordinate system in order to draw the augmented content to its
correct position on the screen. The most common method for coarse positioning
is the Global Positioning System (GPS). One of the advantages of GPS is that GPS
receivers can be found in almost every modern mobile device.
This research was conducted in order to determine the accuracies of different
GPS receivers. The tests included seven consumer-grade tablets, three external GPS
modules and one professional-grade GPS receiver. All of the devices were tested
with both static and mobile measurements. It was concluded that even the cheaper
external GPS receivers were notably more accurate than the GPS receivers of the
tested tablets. The absolute accuracy of the tablets is difficult to determine from the
test results, since the results vary by a large margin between different measurements.
The accuracy of the tested tablets in static measurements were between 0.30 meters
and 13.75 meters.
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1 Introduction
1.1 Background
The location of the user is often required in augmented reality (AR) applications
to initialize augmented content to its correct position on a screen. Determining
the initial position as accurately as possible is very important, since inaccuracy in
estimating the initial position will cause the augmented content to be shown in the
wrong place. Determining the position of the user in world coordinates is required
in most markerless tracking systems, in which an initial position can not be derived
from any pre-defined targets.
Many AR applications only require knowledge of a pose in a local coordinate
system. This approach is fine in some small-scale applications, but it has its draw-
backs, especially in large-scale use cases (e.g. construction sites). Setting up a custom
positioning system often requires custom hardware and software, which can be dif-
ficult especially when developing applications for consumer-grade mobile devices.
Using the global coordinate system also makes it easier to use the same system ev-
erywhere, since there is no need to set up a positioning system for each site where
the application is used.
One of the most common positioning methods is the Global Positioning System
(GPS). A major advantage in using GPS is that GPS receivers are available in almost
all modern mobile devices. However, the accuracy of GPS can vary by a large
margin and its accuracy is easily disturbed if the line-of-sight to the GPS satellites is
obstructed. Some professional-grade GPS receivers report accuracies in the range of
one centimeter, whereas the accuracy of basic consumer-grade mobile devices’ GPS
is usually reported to be in the range of a few meters. In order to find out if any
consumer-grade mobile devices’ GPS are accurate enough for AR use, a study was
conducted to determine the GPS accuracies of different devices.
1.2 Positioning requirements for augmented reality
The error in the GPS accuracy has to be as small as possible so that the augmented
content will appear in the correct initial position. In visualization tasks, where
centimeter-level accuracy is not always needed, errors below one meter might be
considered acceptable.
If multiple GPS locations are measured, GPS can also be used for determining
the orientation (i.e. viewing direction) of the user. The orientation estimation can
be accomplished by placing the used device on a known position, and pointing
the device at a second known position. However, in order to attain an accurate
estimation, GPS accuracy has to be high. The error in orientation estimation is
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proportional to the error in the used GPS locations. For example, if the required
orientation accuracy is 1 degree, and the error in GPS is guaranteed to be below 10
meters, the two locations would have to be almost 1.1 kilometers apart to guarantee
the required accuracy of 1 degree. If the maximum error of the GPS was 1 meter, the
required distance would still have to be 115 meters.
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2 Measurement Setup
2.1 Measured devices
Seven tablets, three external GPS modules and one professional-grade GPS receiver
were tested. Each of the mobile devices were tested with both a native application,
and a Unity3D [1] application. Unity3D applications were tested in order to find
out whether Unity3D does filtering on the GPS data. The external GPS receivers
were tested to compare them to the GPS receivers found in mobile devices. The
professional-grade receiver Javad Triumph-2 [2] was used to serve as a reference for
the other devices.
The following consumer-grade tablets were tested:
• Apple iPad Air 1 [3]
• Apple iPad Air 2 [4]
• Apple iPad 3 [5]
• HTC Nexus 9 [6]
• Samsung Galaxy Tab S2 [7]
• Sony Xperia Z4 Tablet [8]
• Nvidia Shield [9]
The following external GPS modules were tested:
• Garmin GLO [10]
• Ublox NEO-7P [11]
• Bad Elf GPS for Dock Connector [12]
The measurement data was collected with simple native and Unity3D applica-
tions that were developed for both iOS and Android devices. A modified version of
the NTRIP client by Lefebure [13] was used with the Triumph-2 GPS receiver and
the Garmin GLO. The modifications to the application were made in order to push
the measurement data to a server. The Ublox NEO-7P was operated with custom
software developed for a Windows laptop.
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2.2 Static measurements
Static measurements were done by positioning the devices one by one on a known
GPS location1 that was selected from a map [14] provided by the city of Turku. A
tripod with a tablet grip was set at the location so that each of the devices could be
measured at the exactly same position. The static measurement setup is shown in
Figure 1. The location was selected from a wide-open area with as few as possible
tall, obstructing objects to minimize the effect of disturbance. Each device was
measured for two minutes at a time. The measurements were done twice with
eighteen hours in between to take into consideration the random nature of the signal
strengths, caused by e.g. varying GPS satellite positions and weather conditions.
Longer measurements would have resulted in more data, but when considering AR
applications, standing still for multiple minutes just to get an accurate initialization
is not an option.
2.3 Mobile measurements
Each device was carried through a predefined ~340 meter route. This test was con-
ducted to find out whether there are any notable differences in accuracies when
a stationary position can not be maintained. Two static spots were also selected
from the route, where the measured device was held in place for 10 seconds. Javad
Triumph-2 RTK (real-time kinematic) receiver was used as the reference measure-
ment for the rest of the devices, since the commercial receiver (accompanied with an
RTK correction signal [15]) promised an accuracy in the range of a few centimeters.
An accurate device was required as a reference to account for involuntary devia-
tions in the walking route during the measurements. Each of the measurements was
done with the measured device being attached to the Triumph-2 via a tablet grip.
Triumph-2 and the tablet grip can both be seen in Figure 2.
1Lat: 60.444588 Lon: 22.292784
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Figure 1: The tripod setup during static measurements.
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Figure 2: Javad Triumph-2 and the tablet grip that were used in the mobile measure-
ments.
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3 Results
3.1 Static measurements
The static measurements were used for calculating average error values for each of
the devices. The results for these measurements can be seen in Table 1 for native
applications, Table 2 for Unity applications and Table 3 for external sensors.
Several average error values have been calculated for each measurement by di-
viding the two minute measurements into five slots, each corresponding to one fifth
of the measurement period. These average error values are presented in the columns
labelled Error(tn), where n equals the index of the time slot. This was done to make
accuracy deviations over time more apparent. Some of the devices only reported co-
ordinates in the beginning of the measurements, and some devices reported identical
coordinates through the measurements. This means that some filtering is performed
on said devices.
For reference, a graphical representation of the static measurements can be found
in Appendix A.
Device M. Id. Error(t1) Error(t2) Error(t3) Error(t4) Error(t5)
# (m) (m) (m) (m) (m)
Apple iPad 3
1 11,22 5,63 5,63 5,63 5,63
2 42,48 5,30 5,09 5,09 5,09
Apple iPad Air
1 4,43 3,86 3,86 3,86 3,86
2 9,21 7,73 4,00 1,89 1,89
Apple iPad Air 2
1 16,53 17,94 14,42 13,75 13,75
2 30,70 9,11 9,11 9,11 9,11
Sony Xperia Z4 Tablet
1 9,40 8,66 8,38 7,98 7,56
2 12,17 12,47 12,28 11,98 11,34
Samsung Galaxy Tab S2
1 4,63 3,32 3,32 3,32 3,32
2 2,77 2,77 2,77 2,77 2,77
NVIDIA SHIELD Tablet
1 0,54 0,54 0,54 0,54 0,54
2 6,12 3,55 5,85 4,42 5,40
HTC Nexus 9
1 10,19 10,19 10,19 10,19 10,19
2 2,59 2,35 2,35 2,35 2,35
Table 1: Average error in meters using native GPS applications. The first occurrence
of the best accuracy is highlighted.
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Device M. Id. Error(t1) Error(t2) Error(t3) Error(t4) Error(t5)
# (m) (m) (m) (m) (m)
Apple iPad 3
1 4,98 — — — —
2 4,16 — — — —
Apple iPad Air
1 10,27 — — — —
2 5,63 — — — —
Apple iPad Air 2
1 2,02 — — — —
2 6,31 — — — —
Sony Xperia Z4 Tablet
1 4,75 4,75 4,75 4,75 4,29
2 10,26 9,87 9,89 9,40 8,73
Samsung Galaxy Tab S2
1 3,20 3,20 3,20 3,20 3,20
2 2,57 2,57 2,57 2,57 2,57
NVIDIA SHIELD Tablet
1 0,30 0,30 0,30 0,30 0,30
2 7,37 10,76 7,32 5,87 4,41
HTC Nexus 9
1 6,81 6,42 6,42 6,42 6,42
2 6,75 11,96 11,96 11,96 11,96
Table 2: Average error in meters using Unity GPS applications. The first occurrence
of the best accuracy is highlighted. Apple devices only reported coordinates in the
beginning of the measurement, resulting in missing coordinates ("—" ).
Device M. Id. Error(t1) Error(t2) Error(t3) Error(t4) Error(t5)
# (m) (m) (m) (m) (m)
Ublox NEO-7P
1 4,46 1,36 1,23 0,61 2,42
2 3,05 0,34 0,54 1,46 1,32
Garmin GLO
1 2,56 2,45 3,36 4,11 2,74
2 1,19 2,23 2,30 2,05 1,75
Badelf
1 8,66 7,56 7,51 7,41 7,35
2 9,15 4,38 4,42 4,36 4,03
Table 3: Average error in meters using external GPS devices. The first occurrence of
the best accuracy is highlighted.
3.2 Mobile measurements
The idea of the mobile measurements was to gather data that would make it possible
to calculate error values over long periods of time and to create graphical represen-
tations of the measurements. A working RTK-GPS correction signal was needed to
account for the random deviation in the reference device. However, technical is-
sues with the correction signal meant that we could not gather the needed reference
data for all different devices, making mathematical analysis between different de-
vices unreasonable. Hence, accurate error values for the mobile measurements are
not available. The problems with the correction signal can be seen clearly in Figure
4.
However, as plenty of preliminary measurements were completed, some observa-
tions can be made from the plotted data. The observations are in line with the results
of the static measurements, as it clearly shows that the Javad Triumph-2—even with-
out the correction signal—is notably more accurate than any of the tablet devices.
The other external GPS receivers (Garmin GLO and Ublox-chip) also reported bet-
ter accuracies compared to the mobile devices, while sometimes also surpassing the
8
“University of Turku Technical Reports, No.11 — August 2016”
Triumph-2. The defining feature for the tablet devices and the Bad Elf add-on is that
their performance seemed to vary greatly depending on the day, time and weather.
On-device filtering was also evident during the mobile measurements, as nearly
all devices performed better in the mobile measurements compared to the static
measurements. Even though statistical data is not available, visual inspection of the
plotted data revealed that none of the devices reported extreme (larger than five me-
ters) deviation from the reference route. More pictures of the mobile measurements
can be seen in Appendix A.
Figure 3: A subsample from the mobile measurements. Blue line is iPad Air 1, red
line is Javad Triumph-2, yellow line is Sony Xperia Z4 Tablet, green line is Ublox
9
“University of Turku Technical Reports, No.11 — August 2016”
Figure 4: An image representing the effect of an RTK-GPS correction signal. The
yellow line depicts Javad Triumph-2 with a working correction signal, the black line
depicts the same device without a correction signal, and the red line depicts again
the same device but with a bad signal quality. The red line can be seen bouncing
between corrected and erroneous coordinates.
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4 Conclusions
The accuracy of the GPS in consumer-grade tablets is not good enough for accurate
initialization in AR applications. The accuracies of the devices vary too much and
the errors are not systematic so they can not be compensated for. However, even
inaccurate GPS coordinates can be useful in some scenarios; for example, they could
be used to get a rough estimation of the users’ location, which in turn could be used
to download a 3D map of the area that is used for more accurate pose estimation.
While doing the static measurements, most devices reported different wildly vary-
ing coordinates even when standing still. The amount of deviation seemed to vary
day-to-day and was different between devices. Even the cheapest devices sometimes
managed to report very accurate coordinates (sometimes surpassing the external sen-
sors), but most of the time it seemed that the consumer-grade devices were struggling
to report accurate (less than five meters of error) coordinates.
Another observation was that some of the devices did on-device filtering to
the received GPS data. Some devices reported the exact same GPS-coordinates
during extended static measurement periods and most of the devices performed
noticeably better during the mobile measurements, indicating the use of prediction
filtering. This sort of functionality needs to be taken into account when developing
applications that require specific, accurate GPS-functionality.
While specialized equipment (even relatively cheap) can generally attain much
better accuracies and higher reliability than consumer-oriented tablet devices, even
the most accurate devices were not without flaws. At best, centimeter-level accuracy
could be attained, but reliable operation always required a working correction sig-
nal. Whenever the correction signal was not working, even the professional-grade
reference device, Javad Triumph-2, reported high random deviation.
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Appendix A Figures
Figure 5: Lines drawn of each static measurement. The "wandering" lines clearly
show how each device reported varying coordinates during the measurements.
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Figure 6: Average positions reported by the measured devices and the location of
the reference point (the red pin) during static measurement 1.
Figure 7: Average positions reported by the measured devices and the location of
the reference point (the red pin) during static measurement 2.
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Figure 8: Mobile measurements for Apple iPad 3. The red line is the reference
route, the yellow line is the native application measurement and the blue line is the
Unity3D measurement with one meter step.
Figure 9: Mobile measurements for Apple iPad Air. The red line is the reference
route, the yellow line is the native application measurement and the blue line is the
Unity3D measurement with one meter step.
Figure 10: Mobile measurements for Apple iPad Air 2. The red line is the reference
route, the yellow line is the native application measurement and the blue line is the
Unity3D measurement with one meter step.
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Figure 11: Mobile measurements for Sony Xperia Z4 Tablet. The red line is the
reference route, the yellow line is the native application measurement and the blue
line is the Unity3D measurement with one meter step.
Figure 12: Mobile measurements for Samsung Galaxy Tab S2. The red line is the
reference route, the yellow line is the native application measurement and the blue
line is the Unity3D measurement with one meter step.
Figure 13: Mobile measurements for NVIDIA SHIELD Tablet. The red line is the
reference route, the yellow line is the native application measurement and the blue
line is the Unity3D measurement with one meter step.
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Figure 14: Mobile measurements for HTC Nexus 9. The red line is the reference
route, the yellow line is the native application measurement and the blue line is the
Unity3D measurement with one meter step.
Figure 15: Mobile measurements for Ublox NEO-7P. The red line is the reference
route, the yellow line is the native application measurement and the blue line is the
Unity3D measurement with one meter step.
Figure 16: Mobile measurements for Garmin GLO. The red line is the reference
route, the yellow line is the native application measurement and the blue line is the
Unity3D measurement with one meter step.
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Figure 17: Mobile measurements for Bad Elf GPS for Dock Connector. The red line
is the reference route, the yellow line is the native application measurement and the
blue line is the Unity3D measurement with one meter step.
Figure 18: Preliminary mobile measurement test. The black, red, yellow, purple and
green lines represent Javad Triumph-2, Garmin GLO, Nvidia Shield, Nexus 9 and an
LG Spirit mobile phone respectively.
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